The release of volatiles from subducting lithologies is a crucial triggering process for arc magmatism, seismicity, the growth and maturation of continents, and the global geological water-CO 2 cycle. While models exist to predict slab volatile release from hydrous phases, it is challenging to reconstruct and test these fl uid fl uxes in nature. Here we show that the growth of garnet may be used as a proxy for devolatilization at blueschist to lower eclogite facies conditions in subduction zones. Using thermodynamic analysis including the effects of garnet fractionation and fl uid removal, we show the proportional relationship between garnet and water production in two end-member crustal lithologies (pelitic sediment and hydrated mid-oceanic-ridge basalt [MORB]) in three representative subduction geotherms. Dehydrating minerals such as lawsonite, chlorite, amphibole, and epidote contribute to garnet growth, especially between ~1.4 and 3.0 GPa where geophysical models and observations predict dehydration. The average production ratio for altered MORB compositions is 0.52 (wt% water as fl uid per vol% garnet) in cooler geotherms (Honshu [Japan] and Nicaragua) and 0.27 in hotter geotherms (Cascadia [North America]), whereas for pelite the production ratios are about half (0.24 and 0.13, respectively). Garnet growth correlates with production of 3.3-5.9 wt% water in hydrated MORB and 1.8-3.1 wt% water in pelite, representing 42%-100% of the water lost between 0.5 and 6.5 GPa from a fully saturated starting material. Garnet abundance, its pressure-temperature growth span, and its growth chronology may be used to recognize, reconstruct, and test models for progressive subduction zone dehydration.
INTRODUCTION
The progressive dehydration of subducted lithologies represents a fundamental part of the global geologic water cycle. This dehydration infl uences myriad earth processes and properties including (1) the return of volatiles into the mantle (e.g., Bebout, 1995; Rupke et al., 2004) , (2) arc magma genesis (e.g., Tatsumi, 1989) , (3) subduction zone seismicity (e.g., Hacker et al., 2003b) , (4) the physical properties of the subducting slab and overlying wedge (e.g., Hacker et al., 2003a; Hyndman and Peacock, 2003) , and (5) the chemical signatures and effects of fl uids (e.g., Zack and John, 2007; John et al., 2012) . Precise knowledge of where, when, and how rapidly these fl uids are released from downgoing lithologies is fundamental to any quantitative understanding of the above processes and properties.
Numerous models for subduction zone metamorphism and dehydration have been developed (e.g., Schmidt and Poli, 1998; Kerrick and Connolly, 2001; Rupke et al., 2004) . However, it has been challenging to test these models in either modern or ancient subduction zones because the production of water is diffi cult to detect or reconstruct in nature. Geophysical approaches provide information related to the changing physical properties of the downgoing slab and its surroundings that might relate to dehydration (e.g., Rondenay et al., 2008) . In exhumed high-pressure / ultrahigh-pressure (HP/UHP) terranes, evidence of subduction-related fl uid fl ow is abundant (e.g., Zack and John, 2007) , but the source and release of that water is diffi cult to pinpoint without a marker in the dehydrated rock residue that can be linked to the primary fl uid production. Thus while most previous study has concentrated on the mineral sources for water, our focus is on a co-product phase that witnesses many significant dehydration reactions: garnet. Hacker et al. (2003a) compiled mineral modal proportions in subducted (and exhumed) lithologies and calculated bulk water contents, confi rming that more deeply subducted assemblages generally retain less water than shallower equivalents. Dragovic et al. (2012) recognized that garnet could be linked to dehydration and used thermodynamics and zoned garnet geochronology to bracket the amount and rate of dehydration during garnet growth in a blueschist from Sifnos, Greece. Here, we present new thermodynamic modeling evidence that the growth of garnet is a robust-and useful-proxy for dehydration during subduction zone metamorphism of the crust in general.
WHY GARNET?
The growth of garnet, a common mineral in diverse lithologies, typically heralds the major dehydration of subducting lithologies. For example, examination of the compilation by Hacker et al. (2003a) reveals that the largest changes (decreases) in bulk water content also correlate with the introduction of garnet. This is because most garnet-forming reactions involve the consumption of hydrous phases and the consequent release of water as free fl uid. Other minerals, like omphacite, can also grow in these same reactions but they are a less useful proxy than garnet. Garnet thermodynamics are well understood, which permits reconstruction of its pressure-temperature (P-T) growth history from its chemical zonation (e.g., Spear and Selverstone, 1983; Caddick and Thompson, 2008) . Garnet growth in blueschist and eclogite facies rocks can be dated at high (<±1 m.y.) precision with the Lu-Hf or Sm-Nd systems (e.g., Lagos et al., 2007; Dragovic et al., 2012) , including the potential for constraining growth duration via integrated Sm-Nd and Lu-Hf analysis of bulk crystals (e.g., Skora et al., 2009) or concentric age analyses in larger crystals (e.g., Pollington and Baxter, 2011) . Chemical diffusivities in garnet are such that many prograde features (i.e., P-T-t [time]) of garnet growth will be retained up to temperatures of ~650-750 °C, depending on heatingcooling rates (e.g., Florence and Spear, 1991; Tirone et al., 2005; Caddick et al., 2010) . Garnet also has distinct physical properties (e.g., isotropic, high density, and high bulk modulus) that might allow its abundance to be inferred from geophysical techniques in modern subduction zones.
METHODS
We modeled two dominant end-member crustal subduction-zone input lithologies, an average hydrated mid-oceanic-ridge basalt (MORB) and an average pelitic sediment (modifi ed after Staudigel et al. [1996] and Shaw [1956] ; see the GSA Data Repository 1 for compositions) along three subduction geotherms from Syracuse et al. (2010) appropriate for the top of the descending oceanic crust in the Cascadia (North America; hot), Nicaragua (medium), and Honshu (Japan; cold) subduction zones (see insets, Fig. 1 ). The evolving mineralogy and bulk water content of each lithology was calculated along each geotherm from 0.5 to 6.5 GPa using the program Perple_X (Connolly, 2005) 
Models were initiated at water-saturated conditions, a reasonable assumption for rocks entering into garnet growth conditions; water undersaturation would lower the total dehydration fl ux and permit some garnet growth before dehydration (see the Data Repository for discussion). The free fl uid evolved at each model increment was progressively removed from the system (i.e., H 2 O and CO 2 were only carried to higher P-T conditions if structurally bound in hydrous minerals). Likewise, the reacting bulk composition was modifi ed after each garnet-bearing model increment to account for the fractionating effects of zoned garnet growth (e.g., Marmo et al., 2002; Konrad-Schmolke et al., 2005; Gaidies et al., 2008) . Neglecting the effects of garnet and water fractionation in thermodynamic calculations can overpredict garnet abundance and Fe
2+
/Fe 3+ in the evolving bulk composition, and misrepresent stability and abundance of key phases (such as lawsonite) leading to inaccurate results (e.g., see Figs. DR2 and DR3 in the Data Repository). No melt is included in our model, nor would it be expected except above ~750 °C in the pelite in the hottest (Cascadia) geotherm (e.g., Hermann and Spandler, 2008) , after most of the garnet has already formed. For simplicity, we model a closed chemical system with constant oxygen fugacity (f O 2 ) (i.e., we do not include redox reactions) and permit no loss (nor gain) of major elements from the bulk rock system (other than the H 2 O-CO 2 binary fl uid). Especially given the liberation of fl uids at high P, this closed-system assumption for elements including Si, K, Na, and O 2 may not hold in nature (see the Data Repository for discussion). Last, our models assume equilibrium. Slower reaction kinetics, which may characterize cooler, drier systems, could lead to the persistence of metastable assemblages (e.g., Baxter, 2003; Clarke et al., 2006; Pattison et al., 2011) , including overstepping and delay of predicted garnet growth and dehydration until kinetic barriers are overcome.
RESULTS
Results are shown in Figure 1 . The models for both MORB and pelite predict some low-temperature, low-pressure dehydration before the start of garnet growth, amounting to <17% and <58% of the total water loss between 0.5 and 6.5 GPa from MORB and pelite, respectively (for these well-hydrated protoliths). Garnet growth starts earliest (at lowest pressure) along the hotter Cascadia geotherm. For all geotherms, both lithologies show an episode of early garnet growth and dehydration (fi rst light-gray bands in Fig. 1 ) related to the breakdown of low-T hydrous phases followed by a major growth event, beginning at ~540 °C and spanning ~100-300 °C, in which garnet growth and dehydration are most strongly correlated (dark-gray bands in Fig. 1 ). The pressure span of this strongly correlated water:garnet production ratio varies for each geotherm but in general is focused between 1.4 and 3.0 GPa (equivalent to 53 and 113 km depth). The major hydrous phases contributing to this dehydration include lawsonite, chlorite, amphibole, chloritoid, epidote, and paragonitic white mica. Variably correlated garnet and fl uid production follows the major pulse (second light-gray bands in Fig. 1 ) to pressures as high as 3.3 GPa (shallower in the MORB). Dehydration ceases by 3.5 GPa (shallower in the MORB), with 0.4 wt% (MORB) and 1.5 wt% (pelite) water still retained at 6.5 GPa. Most of this deeply subducted water is stored in phengitic white mica, the abundance of which is primarily controlled by bulk K 2 O content. In MORB, additional water is stored in epidote which converts to second-generation lawsonite above ~4 GPa. Breakdown of phengite and this second-growth lawsonite occurs at depths beyond our modeling. In the MORB, a second phase of major garnet growth begins at P > 3 GPa (e.g., Fig. DR2 ) but without correlated water loss.
The data in Figure 1 permit quantifi cation of average water:garnet production ratios which may be cast in convenient units of weight percent water (as fl uid) produced per volume percent garnet produced (shown in Fig. 1 ). Nicaragua and Honshu paths yield similar results, whereas the Cascadia path yields water:garnet production ratios about half those for the cooler geotherms. The dehydrating capacity for well-hydrated MORB (3.3-5.9 wt%) is about twice that of pelite (1.8-3.1 wt%) over the span of garnet growth. The garnet-forming dehydration reaction(s) and the related water:garnet production ratios vary across the entire span of garnet growth with hydrous phases variably contributing to the storage and/or release of water (for example, see the reaction stoichiometries for the Nicaragua geotherm in the Data Repository). In cooler geotherms, lawsonite plays the dominant role in the release of water during the major phase of garnet growth in MORB and pelite, while other phases (e.g., chlorite, chloritoid, epidote) can grow (to consume water) and break down (to release water) all within the garnet-growth span (e.g., Tables DR2 and DR3, and Fig. DR3) . Interestingly, the difference between average water:garnet production ratios along any calculated geotherm for compositions as diverse as MORB and pelite are remarkably small (generally less than a factor of 4). This indicates that reasonable variations in bulk chemistry are of second-order importance, and water:garnet production ratios can be generalized across a moderately large compositional range for sediment and hydrated basalt, respectively.
DISCUSSION
Our modeling constrains the primary dehydration fl ux from subducting crustal materials, and links that water directly to the production of garnet in the crust. Subduction-zone dehydration is the primary driver of arc magmatism. However, our modeling shows that most of the garnet-related dehydration occurs at fore-arc depths (<100 km). Thus, in the absence of any lateral component of fl uid transport upon production, these fl uids would not be immediately responsible for generating mantle-wedge melts. However, if these fore-arc fl uids infi ltrate and hydrate the overlying mantle wedge (e.g., Hyndman and Peacock, 2003), corner fl ow can then drag that water into the melting region (e.g., Tatsumi, 1989) . Similarly, dehydration of primary mantle serpentinites, which we have not addressed in our modeling, could also impart a signifi cant water fl ux into the sub-arc region if they can fi nd a pathway through the overlying slab crust (e.g., Rupke et al., 2004; John et al., 2012) .
The water:garnet correlation exists most strongly at 1.4-3.0 GPa depths within which some geodynamic models predict onset of slab-mantle coupling and/or focusing of dehydration (e.g., Wada and Wang, 2009; van Keken et al., 2011) . For example, Rondenay et al. (2008) showed a dipping low-velocity layer in subducting crust in Cascadia with a termination at >45 km depth and related this to metamorphic dehydration. Coincident with dehydration, our models for MORB and pelite predict the most dramatic growth of garnet in Cascadia between 1.4 and 1.7 GPa (~53-64 km depth), just below where Rondenay et al. (2008) observed termination of the low-velocity layer. It may be that dehydration-related garnet growth, rather than dehydration per se, is what permits recognition of this important process via geophysical or petrological means.
CONCLUSION
Garnet growth and water production (totaling 1.8-5.9 wt% H 2 O released as fl uid) are strongly coupled in tight spans between 1.4 and 3.0 GPa during subduction of two end-member crustal lithologies. Early lower-temperature water release does not have concomitant garnet growth, and late eclogite facies (>~3 GPa) garnet growth does not have concomitant water production, but these scenarios are recognizable via garnet chemistry and can be quantifi ed to put the garnet-related dehydration fl ux into context. The average water:garnet production ratios in all examined geotherms and compositions range from 0.13 to 0.52 wt% fl uid produced per vol% garnet grown, remarkably consistent given the range of conditions. These equilibrium thermodynamic predictions would shift if sluggish reaction kinetics allow metastable assemblages to persist to greater depths or if severely water-undersaturated conditions dominate. Garnet abundance (recognized by geophysical or petrological observations), its growth chronology (via Sm-Nd or Lu-Hf methods), and the P-T span of its growth (via thermodynamic analysis) can be used by petrologists and geophysicists as a powerful proxy to monitor progressive dehydration in subduction zones, and test model predictions of the fl ux, rate, and depth(s) at which dehydration occurs, including models requiring spatially/temporally continuous versus focused pulses of primary fl uid generation. For example, Dragovic et al. (2012) linked zoned garnet geochronology to thermodynamic dehydration analysis of a blueschist from Sifnos, Greece, revealing a rapid burst of fl uid and heating spanning just hundreds of thousands of years.
